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1.0  INTRODUCTION 


The  work  reported  herein  was  performed  by  the  Arnold  Engineering 
Development  Center  (AEDC),  Air  Force  Systems  Command  (AFSC),  under 
Program  Element  921E01,  Control  Number  9E01,  at  the  request  of  the 
National  Aeronautics  and  Space  Administration  (NASA/JSC),  Houston,  TX. 
The  NASA  project  manager  was  Mr.  Jack  Barneburg  and  the  Rockwell 
International  (RI)  project  engineer  was  Mr.  Paul  Lemoine.  The  results 
were  obtained  by  Calspan  Field  Services,  Inc./AEDC  Division,  operating 
contractor  for  the  Aerospace  Flight  Dynamics  testing  effort  at  the  AEDC, 
AFSC,  Arnold  Air  Force  Station,  Tennessee.  The  tests  were  performed  in 
the  von  Karman  Gas  Dynamics  Facility  (VKF),  Aerothermal  Wind  Tunnel 
(C),  on  May  27,  August  8  and  11,  1983  under  AEDC  Project  No.  CA76VC 
(Calspan  No.  V41C-3E). 

During  the  sixth  flight  of  the  Space  Shuttle,  portions  of  the 
Advanced  Flexible  Reusable  Surface  Insulation  (AFRSI)  on  the  Orbital 
Maneuvering  System  (OMS)  Pod  failed.  The  objective  of  this  test  program 
was  to  investigate  the  thermostructural  performance  of  the  AFRSI  under 
aeroheating  conditions  to  help  interpret  the  physical  mechanism  by  which 
the  failure  was  incurred. 

In  order  to  simulate  the  aerodynamic  environment  in  which  the  STS-6 
failure  occurred,  and  therefore  duplicate  the  failure  in  the  tunnel, 
various  flow  requirements  were  identified.  To  investigate  the  degree  to 
which  these  flow  characteristics  could  be  achieved  u$ing  the  proposed 
test  article,  a  Feasibility  Checkout  Phase  was  performed  in  a  separate 
tunnel  entry.  The  principal  objective  of  this  feasibility  study  was  to 
maintain  and  control  a  turbulent  boundary  layer  separation  upstream  of 
the  proposed  AFRSI  location  at  the  low  Reynolds  number  desired  for 
specific  flight  simulation. 

•  The  second  tunnel  entry  began  with  a  Calibration  Phase  intended  to 
establish  the  testing  environment  in  terms  of  static  and  acoustic 
pressure  distributions  and  aerodynamic  heating  levels.  The  equilibrium 
temperature  of  the  surface  of  the  insulation  material  was  also 
determined.  The  test  was  completed  with  the  evaluation  of  3  AFRSI  test 
samples  at  total  pressures  of  20  and  25  psia  and  total  temperatures 
ranging  up  to  1 115°F. 

Inquiries  to  obtain  copies  of  the  test  data  should  be  directed 
to  NASA/JSC/ES2 ,  Houston,  TX  77058.  A  microfilm  record  of  the  tab¬ 
ulated  data  has  been  retained  at  AEDC. 

2.0  APPARATUS 


2.1  TEST  FACILITY 

The  Mach  4  Aerothermal  Tunnel  (C)  is  a  closed-circuit,  high 
temperature,  supersonic  freejet  wind  tunnel  with  an  axisymmetr ic 
contoured  nozzle  and  a  25  in.-diam  nozzle  exit.  Fig.  1.  This  tunnel 
utilizes  parts  of  the  Tunnel  C  circuit  (the  electric  air  heater,  the 
Tunnel  C  test  section  and  injection  system)  and  operates  continuously 


over  a  range  of  pressures  from  nominally  15  psia  at  a  minimum  stagnation 
temperature  of  250°F  to  180  psia  at  a  stagnation  temperature  of  1110*F. 
Using  the  normal  Tunnel  C  Mach  10  circuit  (Series  Heater  Circuit),  the 
Aerothermal  Mach  4  nozzle  operates  at  a  maximum  pressure  and  temperature 
of  100  psia  and  1440°F,  respectively.  The  air  temperatures  and 
pressures  are  normally  achieved  by  mixing  high  temperature  air  (up  to 
1790°F)  from  the  primary  flow  discharged  from  the  electric  heater  with 
the  bypass  air  flow  (at  980°F)  from  the  natural  gas-fired  heater.  The 
primary  and  the  bypass  air  flows  discharge  into  a  mixing  chamber  just 
upstream  of  the  Aerothermal  Tunnel  C  stilling  chamber.  The  entire 
Aerothermal  nozzle  insert  (the  mixing  chamber,  throat  and  nozzle 
sections)  is  water  cooled  by  integral,  external  water  jackets.  Since 
the  test  unit  utilizes  the  Tunnel  C  model  injection  system,  it  allows 
for  the  removal  of  the  model  from  the  test  section  while  the  freejet 
tunnel  remains  in  operation.  A  description  of  the  Tunnel  C  equipment 
may  be  found  in  Ref.  1. 

2.2  TEST  ARTICLE 

The  standard  Aerotherm  Materials  Wedge,  used  for  all  phases  of  this 
test  in  Tunnel  C,  is  a  12  inch  wide  by  34  inch  long  water-cooled  flat 
plate  with  a  backstep  14  inches  from  the  leading  edge  for  material 
sample  installation.  The  installation  of  this  wedge  for  the  Feasibility 
Checkout  Entry  is  shown  in  Fig.  2.  The  wedge  was  modified  to  include 
lateral  extensions  upstream  of  the  backstep  to  reduce  any  edge  effects 
on  the  material  sample.  This  is  depicted  in  Fig.  3  and  characterized  in 
the  sketch  of  Fig.  4.  The  wedge  was  instrumented  with  Gardon-type  heat 
gages  to  measure  the  local  wedge  heating  environment,  and  the  locations 
of  these  gages  are  given  in  Table  1. 

Duplicating  the  OMS  Pod  geometry  for  the  test  models  was  a  primary 
simulation  requirement.  A  portion  of  the  actual  contour  of  the  pod  at 
the  location  of  the  flight  failure  was  used  to  develop  a  two-dimensional 
representation  for  these  test  needs.  For  the  feasibility  study,  a  0.13- 
scale  model,  referred  to  as  contour  1  and  depicted  in  Fig.  5,  was 
fabricated  from  wood  and  covered  with  a  thin  ceramic  layer.  This  shape 
represented  the  foremost  edge  of  the  OMS  Pod  up  to  and  including  the 
area  of  failure.  A  second  wooden  model  tested  was  similar  to  contour  1, 
except  that  it  had  been  reduced  in  size  to  investigate  the 
controllability  of  the  separation  characteristics. 

The  installation  of  the  wedge  for  the  Calibration  and  Material 
Evaluation  Phases  is  shown  in  Fig.  6.  The  sketch  in  Fig.  7  illustrates 
the  locations  of  the  extensive  instrumentation  installed  for  the 
calibrations  including  Gardon  gages,  Kulite  acoustic  pressure  gages,  and 
surface  static  pressure  ports.  The  locations  of  the  static  pressure  taps 
and  Kulite  acoustic  sensors  are  given  in  Tables  2  and  3,  respectively. 

For  the  calibration  models  and  material  samples,  a  0.20-scale 
contour  o  *  the  OMS  Pod  was  used.  This  shape  is  depicted  in  Fig.  8  and  a 
abulat  a  of  the  contour  coordinates  is  given  in  Table  4.  The  pressure 
mvurl,  jhown  in  Fig.  9,  was  constructed  of  1020  mild  steel.  The  model 
luu  32  flush  orifice  pressure  taps  on  the  contour  surface  and  24  Kulite 
transducers  installed  adjacent  to  selected  tap  positions,  located  as 
tabulated  in  Tables  2  and  3. 


The  thermal  model,  shown  in  Fig.  10,  was  constructed  of  Low- 
temperature  Reusable  Surface  Insulation  (LRSI)  tile  material  in  the  same 
shape  as  the  pressure  model.  The  model  had  13  Chromel*-Alumel* 
thermocouples  located  very  near  the  LRSI  surface  in  the  location  shown 
in  Fig.  10b  and  tabulated  in  Table  5.  Also,  three  thermocouples  were 
installed  on  the  backside  of  the  LRSI  material. 

The  mounting  hardware  for  all  test  models  was  built  with  the 
capability  to  rotate  the  entire  contoured  shape  about  its  leading  edge. 
This  provided  additional  control  of  the  boundary  layer  separation 
characteristics  and  the  OMS  Pod  surface  environment.  The  configuration 
chosen  for  all  calibration  and  sample  tests  was  with  the  pod  reclined  8 
deg  down.  The  instrumentation  locations  tabulated  and  all  model 
sketches  are  representative  of  that  configuration. 

Three  AFRSI  test  samples  were  conformed  to  the  selected  contour  and 
bonded  similar  to  the  actual  flight  installation.  A  typical  sample  is 
shown  in  Fig.  11,  prior  to  its  evaluation.  The  samples  are  identified 
in  Table  6,  as  characterized  by  the  conditioning  each  underwent  before 
testing.  As  shown  in  the  photograph,  the  samples  were  attached  using  17 
bolts  in  a  Silfrax*  border  around  the  AFRSI.  The  bolt  holes  were  then 
plugged  with  uncoated  LRSI  material  to  provide  a  smooth  surface.  Each 
sample  had  three  Chromel-Alumel  thermocouples  installed  on  its 
undersurface. 

To  insure  a  turbulent  boundary  layer  along  the  wedge  surface, 
boundary  layer  trips  were  installed  one  inch  downstream  of  the  wedge 
leading  edge.  The  trip  balls  were  0.093  inches  in  diameter  and  were 
arranged  in  a  three-row  configuration,  as  shown  in  Fig.  4. 

Posttest  photographs  of  the  thermal  body  and  the  AFRSI  samples  are 
shown  in  Fig.  12. 

2.3  TEST  INSTRUMENTATION 

The  instrumentation,  recording  devices,  and  calibration  methods 
used  to  measure  the  primary  tunnel  and  test  data  parameters  are  listed 
in  Table  7a  along  with  the  estimated  measurement  uncertainties.  The 
range  and  estimated  uncertainties  for  primary  parameters  that  were 
calculated  from  the  measured  parameters  are  listed  in  Table  7b. 

To  define  the  convective  heating  environment  experienced  by  the 
material  specimens,  Gardon-type  heat  transfer  gages  were  mounted  in  the 
wedge  surface  upstream  of  the  OMS  body,  as  shown  in  Fig.  4.  Heat- 
transfer  rate  measurements  were  obtained  with  high-temperature  Gardon 
gages  which  were  supplied  and  calibrated  by  the  AEDC.  The  gages  were 
0.25-in.  in  diameter  with  a  sensing  foil  thickness  of  0.010-in.  They 
were  instrumented  with  Chromel-Alumel  thermocouples  which  provided  the 
gage  edge  temperature  measurement.  Gage  edge  temperatures,  together  with 
the  sensing  foil  thermocouple  output,  were  used  to  determine  the  gage 
surface  temperatures  and  corresponding  gage  heat-transfer  rate.  These 
data  were  then  used  to  compute  the  local  heat-transfer  coefficient  and 
Stanton  number. 


The  model  surface  static  pressures  were  measured  with  two  Pressure 
Systems  Incorporated*  Model  ESP-32  pressure  modules  with  a  range  of  +^5 
psid.  The  ESP-32  pressure  sensor  module  has  32  ports  with  a  silicon 
pressure  transducer  per  port  that  can  be  digitally  addressed  and 
calibrated  on  line.  The  ESP-32  modules  were  installed  inside  the  OMS 
Pod  contour  in  close  proximity  to  the  static  taps,  thus  reducing  the 
pressure  stabilization  time  required.  The  static  pressures  were 
measured  only  during  the  second  entry. 

The  surface  dynamic  pressure  levels  were  measured  with  Rl-supplied 
and  installed  Kulite  sensors  and  transducers.  These  dynamic  signals 
were  recorded  on  multi-track  tape  recorders  for  user  analysis.  Selected 
channels  (15)  were  routed  to  AEDC  rms  meters  which  were  incorporated  in 
the  data  acquisition  system. 

Several  Chromel-Alumel  thermocouples  were  used  on  the  various  test 
models  to  monitor  critical  model  temperatures.  The  pressure  model  had 
thermocouples  near  Kulite  gages  105,  110,  114,  116  and  124,  monitored  to 
insure  they  did  not  overheat  and  fail.  The  thermal  model  had  13  surface 
thermocouples  to  measure  its  surface  equilibrium  temperature,  and  these 
were  located  as  shown  in  Fig.  10b  and  tabulated  in  Table  5.  All  AFRSI 
test  samples  and  the  thermal  model  had  3  thermocouples  on  the  backside 
of  the  insulation  to  monitor  the  support  structure  temperature.  The 
wedge  cavity,  where  all  the  gage  lead  wires  were  routed,  and  both  ESP 
modules  were  instrumented  to  monitor  operating  temperatures  in  these 
areas. 

The  infrared  system  which  was  used  to  measure  model  surface 
temperatures  utilizes  an  AGA*  Thermovision  680  camera  which  scans  at  a 
rate  of  16  frames  per  second.  The  camera  has  a  detector  which  is 
sensitive  to  infrared  radiation  in  the  2  to  6  micron  wavelength  band.  A 
description  of  the  system  is  given  in  Ref.  2. 

A  total  time  of  exposure  to  the  tunnel  flow  is  required  for  data 
reduction.  All  the  events  which  occur  during  a  run  are  timed  using  the 
digital  clock  in  the  DEC-10  computer,  which  processes  all  data  from  the 
continuous  tunnels. 

A  variety  of  cameras  was  used  to  record  the  response  of  the 
materials  to  the  tunnel  environment.  The  cameras,  frame  rates  and  film 
identifications  are  summarized  in  Table  8.  A  plumb  line  was  attached  to 
the  aft  window  to  provide  a  vertical  reference  in  the  shadowgraph 
stills. 


3.0  TEST  DESCRIPTION 


3.1  TEST  CONDITIONS 

The  nominal  free  stream  test  conditions  are  given  below. 
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A  test  summary  showing  a  detailed  account  of  all  runs  of  each  phase 
is  presented  in  Table  9. 

3.2  TEST  PROCEDURES 

In  the  VKF  continuous  flow  wind  tunnels  (A,  B,  C),  the  model  is 
mounted  on  a  sting  support  mechanism  in  an  installation  tank  directly 
underneath  the  tunnel  test  section.  The  tank  is  separated  from  the 
tunnel  by  a  pair  of  fairing  doors  and  a  safety  door.  When  closed,  the 
fairing  doors,  except  for  a  slot  for  the  pitch  sector,  cover  the  opening 
to  the  tank  and  the  safety  door  seals  the  tunnel  from  the  tank  area. 
After  the  model  is  prepared  for  a  data  run,  the  personnel  access  door  to 
the  installation  tank  is  closed,  the  tank  is  vented  to  the  tunnel  flow, 
the  safety  and  fairing  doors  are  opened,  and  the  model  is  injected  into 
the  airstream.  After  the  data  are  obtained,  the  model  is  retracted  into 
the  tank  and  the  sequence  is  reversed  with  the  tank  being  vented  to 
atmosphere  to  allow  access  to  the  model  in  preparation  for  the  next  run. 
A  given  injection  cycle  is  termed  a  run,  and  all  the  data  obtained  are 
identified  in  the  data  tabulations  by  a  run  number. 

The  standard  AEDC  materials  wedge  testing  technique  was  used  to 
support  the  calibration  bodies  and  material  samples  and  provide  the 
desired  local  flow  condition.  A  detailed  description  of  this  technique 
may  be  found  in  Ref.  3. 

Instrumentation  outputs  were  recorded  using  the  digital  data 
scanner  in  conjunction  with  the  analog  subsystem.  Data  acquisition  from 
all  instruments  other  than  the  infrared  camera  was  under  the  control  of 
a  Digital  Equipment  Corporation  (DEC)  PDP  11/40  computer,  utilizing  the 
random  access  data  system  (RADS).  The  data  system  was  started  prior  to 
injection,  while  the  model  was  still  in  the  tank.  All  the  transducer 
outputs  were  recorded  at  the  rate  specified  in  Table  10.  Additional 
loops  of  data  were  recorded  each  time  the  sequence  cameras  were 
triggered,  thereby  providing  a  time  point  for  each  photograph.  The  data 
were  transmitted  to  a  DEC-10  computer  for  processing. 


The  infrared  system  operates  independently  of  the  RADS.  During  a 
run  the  AGA  680  infrared  camera  scanned  the  model  to  produce  a  complete 
picture  at  the  rate  of  16  frames  per  second.  The  camera  output  was 
recorded  on  analog  tape  and  simultaneously  displayed  on  a  color 
television  monitor.  The  developing  color  patterns  were  observed  as  the 
model  surface  temperature  increased,  and  the  monitor  was  photographed  as 
described  in  Table  10  to  provide  a  permanent  record.  The  camera  output 
was  also  fed  to  an  analog-to-digital  converter  under  the  control  of  a 
POP  11/34  computer.  Every  4  seconds  a  single  frame  was  digitized  and 
transmitted  to  the  DEC-10  computer.  An  additional  loop  of  data  from  the 
RADS  system  was  recorded  each  time  a  frame  was  digitized  to  provide  a 
record  of  test  conditions  at  the  time  infrared  data  were  obtained. 

Characteristics  of  the  data  acquisition  peculiar  to  each  test  phase 
will  be  described  individually. 

3.2.1  Feasibility  Checkout  Phase 

To  determine  the  flow  separation  and  reattachment  characteristics 
of  the  proposed  OMS  Pod  contour,  several  runs  of  oil  flow  visualization 
were  obtained  at  several  free  stream  pressures.  The  wedge  and  wooden 
contoured  models  were  painted  with  a  high-temperature  black  paint  just 
prior  to  the  application  of  the  white  oil.  The  oil  was  applied  with  a 
sponge  to  provide  a  sheet  of  oil  over  the  entire  surface.  The  model  was 
injected  at  the  desired  wedge  angle  and  remained  on  centerline  for  at 
least  5  seconds.  During  the  exposure,  views  of  the  oil  flow  progression 
were  videotaped  from  the  top  window  port  and  the  forward  side  window.  A 
typical  frame  of  the  tape  from  the  top  view  is  shown  in  Fig.  13.  Also, 
the  shadowgraph  system  was  videotaped  and  helped  qualify  the  flow  on  the 
wedge  and  OMS  Pod  model. 

Heat  transfer  measurements  were  taken  on  the  wedge  to  define  the 
convective  heating  environment  in  the  area  upstream  of  the  wooden 
contour. 

3.2.2  Pressure  Calibration  Phase 

The  flow  environment  on  the  test  article  and  the  wedge  plate  was 
extensively  measured  at  many  model  attitudes  and  flow  conditions  to 
quantify  these  parameters  for  the  material  evaluations.  The  pressure 
calibration  body,  instrumented  for  static  and  dynamic  pressure 
measurements,  was  installed  on  the  aerotherm  wedge  for  this  phase. 

The  injection  data-taking  sequence  was  initiated  by  positioning  the 
wedge  at  the  desired  wedge  angle  and  beginning  the  tape  recording  of  the 
Kulite  transducer  outputs.  After  several  seconds,  the  tunnel  doors  were 
opened,  the  model  was  injected  to  the  tunnel  centerline  and  the  doors 
were  closed.  After  nominally  20  seconds  on  centerline,  the  doors  were 
opened,  the  model  was  retracted,  the  tape  recorders  were  stopped  and  the 
data-taking  sequence  was  completed.  For  the  shorter  calibration  runs, 
nominally  6  seconds  on  centerline,  the  doors  were  left  open  throughout. 
While  on  centerline,  the  convective  heat  transfer  environment,  the 
static  pressure  distribution  and  selected  rms  pressure  levels  were 
determined.  Also,  shadowgraph  still  photographs  recorded  the  shock  wave 
pattern  and  general  TV  coverage  was  videotaped. 


3.2.3  Thermal  Calibration  Phase 


To  quantify  the  surface  equilibrium  temperature  expected  on  the 
AFRSI  samples,  the  thermal  model  was  installed  on  the  wedge  and  injected 
into  the  tunnel  for  an  extended  period  of  time.  Several  of  the  surface 
thermocouples  were  monitored  during  the  run  to  determine  when  the  LRSI 
had  reached  an  equilibrium  temperature.  Starting  at  the  maximum  tunnel 
total  temperature,  1440°F,  four  runs  of  thermal'  calibrations  were 
achieved  until  a  desired  maximum  surface  equilibrium  temperature  was 
obtained.  Infrared  data  were  also  obtained  on  the  thermal  model 
surface.  Also,  low  and  high  speed  movie  coverage  of  the  LRSI  was 
recorded  for  the  approximate  4  minute  tunnel  exposure. 

3.2.4  Material  Evaluation  Phase 

AFRSI  test  samples  A,  B  and  F  were  evaluated  in  the  tunnel.  The 
test  article  was  positioned  at  the  desired  wedge  angle  and  the  data- 
taking  sequence  was  initiated  at  lift-off  from  the  tank. 

The  samples  remained  on  centerline  nominally  250  seconds,  or  until 
a  failure  was  incurred.  The  convective  heat  transfer  environment  and 
the  static  pressure  distribution  on  the  wedge  were  determined.  The 
infrared  camera  was  continuously  updating  the  sample  surface 
temperature,  and  movies  and  still  photographs  were  taken  of  the  color  IR 
monitor.  Movies  of  the  sample  were  taken  starting  at  lift-off.  High 
speed  movies  were  initiated  when  the  failure  was  first  beginning  and  the 
physical  apearance  of  the  sample  first  changed. 

3.3  DATA  REDUCTION 

Measured  stilling  chamber  pressure  and  temperature  and  the 
calibrated  test  section  Mach  number  were  used  to  compute  the  free-stream 
parameters.  The  equations  for  a  perfect  gas  isentropic  expansion  from 
stilling  chamber  to  test  section  were  modified  to  account  for  real  gas 
effects. 

Data  measurements  obtained  from  the  Gardon  gages  are  gage  output 
(E)  and  gage  edge  temperature  (TGE).  The  gages  are  direct  reading  heat 
flux  transducers  and  the  gage  output  is  converted  to  heating  rate  by 
means  of  a  laboratory  calibrated  scale  factor  (Cl).  The  scale  factor 
has  been  found  to  be  a  function  of  gage  temperature  and,  therefore,  must 
be  corrected  for  gage  temperature  changes, 

C2  -  Cl  f(TGE)  (1) 

Heat  flux  to  the  gage  is  then  calculated  for  each  data  point  by  the 
following  equation: 


QDOT  -  (C2)(E)  (2) 

The  gage  wall  temperature  used  in  computing  the  gage  heat-transfer 
coefficient  is  obtained  from  two  measurements  -  the  output  of  the  gage 
edge  thermocouple  (TGE)  and  the  temperature  difference  (TGDEL)  from  the 
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gage  center  to  its  edge.  The  measured  values  used  in  the  reduction 
equations  were  filtered  using  4  consecutive  data  points  taken  within 
less  than  a  half  a  second,  and  typically  just  one  second  after 
centerline.  TGDEL  is  proportional  to  the  gage  output,  E,  and  is 
calculated  by: 


TGDEL  -  (KG)(E)  (3) 

The  gage  wall  temperature  is  then  computed  as 

TV  -  TGE  +  0.75  TGDEL  (4) 

where  the  factor  0.75  represents  the  average,  or  integrated,  value 
across  the  gage. 

The  heat  transfer  coefficient  for  each  gage  was  computed  using  the 
following  equation 


H(RTT) 


QDOT 

CRTT-TW) 


(5) 


where  QDOT  and  TV  were  obtained  from  gage  measurements.  The  product  RTT 
represents  the  recovery  temperature,  which  is  not  known  at  each 
measurement  location.  H(RTT)  was  calculated  for  values  of  R  of  1.0  and 
0.915. 


The  heat  transfer  coefficient  was  then  converted  to  Stanton  number 


by: 
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Prior  to  each  operational  shift,  the  two  ESP-32  modules  with  a 
total  of  64,  +15  paid  transducers  were  calibrated.  From  these  data, 
scale  factors  for  each  transducer  were  calculated.  Prior  to  each  test 
run  the  modules  were  referenced  to  a  hard  vacuum  to  obtain  zero  readings 
for  each  transducer.  The  appropriate  scale  factor  and  zero  reading  were 
used  to  determine  the  pressure  on  each  transducer.  Five  consecutive 
readings,  taken  within  a  half  a  second,  were  averaged  to  obtain  the 
static  pressure.  The  readings  were  obtained  when  the  tunnel  doors  were 
closed,  exec  for  the  shorter  calibration  runs,  and  the  model  was  on 
centerlir  i  ‘  s  was  nominally  10-20  seconds  after  centerline  was 
reached,  a  •-<  °  coefficient,  CP,  was  also  calculated  from: 

cp  -  144  (pw-p) 

The  rms  pressure  measurements  were  obtained  by  sampling  the  rms 
meter  output  and  multiplying  this  output  by  the  user-supplied 
sensitivity  factors.  These  were  related  to  decibel  level  by: 
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As  discussed  in  Section  3.2,  the  output  of  the  IR  camera  is 
displayed  in  real  time  on  a  color  television  monitor.  A  70mm  camera  was 
used  to  photograph  the  monitor  screen  simultaneously  with  a  single  frame 
digitizing  process.  An  example  of  a  monitor  screen,  photograph  is  given 
in  Fig.  14.  On  the  television  monitor  the  temperature  range,  which  the 
system  is  set  up  to  measure,  is  divided,  in  a  nonlinear  fashion,  into 
ten  separate  colors,  starting  with  blue  for  the  lowest  temperature  and 
progressing  through  white  for  the  highest.  Each  color  then  represents  a 
temperature  band  within  the  total  range,  and  the  interface  between  two 
colors  corresponds  to  one  particular  temperature.  This  provides  a  view 
in  which  unusual  temperature  patterns  would  be  more  easily  discerned 
than  in  the  digital  data  tabulations. 

As  noted  in  Section  3.2,  digital  infrared  data  were  obtained  at  the 
rate  of  one  frame  every  four  seconds.  One  complete  frame  of  infrared 
data  consists  of  70  scan  lines  with  110  points  per  line  for  a  total  of 
7700  discrete  but  overlapping  spots.  For  most  test  installations  the 
field  of  view  is  such  that  the  model  does  not  fill  the  complete  frame. 
In  order  to  save  storage  space  in  the  computer,  only  the  portion  of  the 
frame  which  contains  good  model  data  is  digitized.  For  the  AFRSI  and 
LRSI  test  articles,  a  typical  area  of  interest  (see  Fig.  14)  was 
approximately  80  lines  by  70  points  (5600  discrete  spots).  For  each 
spot,  the  camera  output  is  digitized  and  converted  to  a  temperature 
reading  by  means  of  an  equation  derived  from  basic  laws  of  radiation  and 
incorporating  various  constants  peculiar  to  this  system.  These 
constants  are  obtained  from  laboratory  calibrations  using  a. standard 
black  body  source. 

The  temperature  calculations  were  carried  out  using  surface 
emissivity  values  determined  from  AEDC  reflectivity  measurements  made  at 
room  temperature.  A  monochromatic  light  source  was  used  to  illuminate 
the  material  sample.  The  hemispherical  spectral  reflectivity  was  then 
measured.  Assuming  the  sample  is  opaque  to  radiation  at  each  discrete 
wavelength  at  which  reflectivity  was  measured,  and  assuming  that  the 
material  acts  as  a  diffuse-gray  surface,  the  emissivity  (c)  was 
determined  from  the  reflectivity  as  follows: 
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This  reflectivity  measurement  was  made  at  several  wavelengths.  The 
emissivity  values  for  each  wavelength  were  weighed  by  the  response 
characteristic  of  the  IR  camera  detector  at  that  wavelength,  and  the 
result  integrated  over  the  total  wavelength  range  of  the  IR  detector  to 
provide  a  value  of  total  emissivity.  Emissivity  values  of  0.82  for  the 
LRSI  tile  (thermal  model)  and  0.68  for  the  AFRSI  were  thus  determined. 
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Note  that  hemispherical  reflectivity  measurements  were  used  to 
evaluate  emissivity.  Therefore,  strictly  speaking,  the  emissivity 
calculated  above  is  the  hemispherical  emissivity  for  an  opaque  surface. 
A  reasonable  approximation  (within  2  to  5  percent)  for  gray-body  diffuse 
emitters  is  that  the  directional  emissivity  is  equal  to  the 
hemispherical  emissivity  for  surface  angles  within  40  degrees  of  the 
normal.  Therefore,  the  temperature  data  produced  from  IR  measurements 
during  this  test  are  valid  only  for  surfaces  aligned  within  40  degrees 
of  horizontal. 

The  calculated  temperatures  were  tabulated  in  a  two-dimensional 
array  in  which  each  spot  location  is  defined  by  its  Line  number  and 
Point  number.  In  order  to  use  the  IR  data,  it  is  necessary  to  define  the 
model  position  in  terms  of  Line  and  Point  number.  This  was  done  by 
taking  wind-off  infrared  scans  of  the  wedge,  with  a  specimen  attached, 
in  the  tunnel  at  the  test  attitude.  A  wire  was  positioned  along  the 
edge  of  the  specimen,  and  an  external  electrical  current  was  provied 
causing  the  wire  to  heat  up.  Thus,  it  was  possible  to  locate  the 
specimen  on  the  IR  video  monitor  via  the  outline  produced  by  the  hot 
wire.  A  marker  is  then  superimposed  on  the  video  monitor  by  the  IR 
system  electronics*  This  marker  is  a  matrix  of  dots  representing  each 
spot  in  the  digitized  IR  data.  The  marker  can  be  controlled  so  that 
individual  Lines  or  Points  may  be  identified.  In  this  manner  the  Lines 
and  Points  corresponding  to  the  sample  location  were  defined.  Figure  14 
identifies  the  location,  in  terms  of  Lines  and  Points,  of  several  points 
of  interest.  The  actual  field  digitized  covered  the  range  of  all  of 
these  points,  so  that  the  field  did  not  have  to  be  changed  during  the 
test. 


The  spot  size  is  a  function  of  the  camera  detector  size,  the  camera 
optics,  and  the  distance  to  the  test  article.  However,  it  must  be 
emphasized  that  each  IR  "spot"  was  about  0.35  in.  in  diameter  and  that 
the  measured  radiation  from  this  size  spot  is  used  to  calculate  the 
surface  temperature.  Also,  note  that  this  spot  is  for  a  surface  normal 
to  the  IR  camera  (i.e.,  in  the  horizontal  plane).  Measurements  on 
surfaces  inclined  relative  to  the  camera  will  be  influenced  by  model 
temperatures  over  an  area  larger  than  this  spot  size, 

3.4  UNCERTAINTY  OF  MEASUREMENTS 

In  general,  instrumentation  calibrations  and  data  uncertainty 
estimates  were  made  using  methods  recognized  by  the  National  Bureau  of 
Standards  (NBS).  Measurement  uncertainty  is  a  combination  of  bias  and 
precision  errors  defined  as: 


U  -  +  (B  +  t95S) 

where  B  is  the  bias  limit,  S  is  the  sample  standard  deviation  and  tgj 
is  the  95th  percentile  point  for  the  two-tailed  Student's  "t"  distribu¬ 
tion  (95-percent  confidence  interval),  which  for  sample  sizes  greater 
than  30  is  taken  equal  to  2. 
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Estimates  of  the  measured  data  uncertainties  for  this  test  are 
given  in  Table  7a.  The  data  uncertainties  for  the  measurements  are 
determined  from  in-place  calibrations  through  the  data  recording  system 
and  data  reduction  program. 

Propagation  of  the  bias  and  precision  errors  of  measured  data 
through  the  calculated  data  was  made  in  accordance  with  Ref.  4  and  the 
results  are  given  in  Table  7b. 

4.0  DATA  PACKAGE  PRESENTATION 


A  sample  data  tabulation  is  presented  in  Appendix  III.  Included  is 
a  tabulation  of  the  heat— transfer  data  for  the  feasibility  study.  For 
the  pressure  calibrations,  samples  of  the  heat  transfer  data,  the  static 
pressure  data,  the  rms  pressure  data  and  the  thermocouple  data  are 
included.  For  the  thermal  calibrations,  samples  of  the  heat  transfer 
data,  the  static  pressure  data,  the  surface  thermocouple  data  and  an  IR 
tabulation  are  included.  For  the  material  evaluation  phase,  samples  of 
the  heat  transfer  data,  static  pressure  data,  sample  thermocouple  data 
and  an  IR  tabulation  are  included. 
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Table  1.  Gardon  Heat  Gage  Locations 


♦Note:  For  the  Feasibility  Checkout  Phase,  these  gages 
were  referred  to  as  T1  through  Til. 
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Table  2.  Concluded 
Pressure  Calibration  Panel  Taps 
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.V  Table  4.  Coordinates  of  0.2-Scale  Partial 
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Note:  See  Fig.  8  for  definition  of  contour  coordinates 


46 


Thoepaon,  J,  V.  and  Abernathy,  R.  B.  at  al.  "Handbook  Uncertainty  In  Gaa  Turbine  Measure  mint  a."  AEDC-TA-73-5,  February  1973 


GC-35  (Coabtocs  OC-35  4  GC- 120)  1/82  Pr«vloua  adlclcmt  will  b«  uud 


ESTIMATED  MEASUREMENT1 


*9- 

I 

iH  *H 


lUdUl 

-aanscaw 

JO  JTUfl 


Satpean 

jo 

juaajaj 


juaui 

-a ansedM 
jo  jjun 


Suxpean 

jo 

luaaaad 

uiopeajj 
jo  aa J3aa 

juatu 

-aanseaw 
jo  jxun 


SuTpcay 

jo 

juaaaad 


o  o  o  o 

n  co  rn  (T) 


H  6Q 

as  * 
w 

M  H 
O  H  1 

m  in  i 

£2  i 
w  • 
o  V"  as 
a  35  o 


huu 

*  d)  os 

w  *a  « 

Oi  m  cd 

p  <  w 

H  3  60 


W  W  iJ  S5 

CQ  Oj  C3 

§  S  §  O 

Z  H  J 

w  o 

B  d  8  g 


«? 

2 

s 

0)  £  „ 


«  2 

u 

£  » 

i  i 


•'7:5..?. 


Photographic  Data  Summary 


<u 

a) 

a* 

Cu 

ev 

cv 

o 

<0 

c0 

c0 

u 

IV 

qj 

iJ 

+j 

u 

at 

co 

o 

rH 

o 

o 

o 

m 

<u 

a 

41 

a» 

rH 

rH 

M 

a 

s 

T3 

-a 

-a 

u 

<u 

o 

cO 

■H 

•H 

•H 

n  o 

Vi  o 

a> 

a. 

M 

cu 

CO 

> 

> 

> 

o  a) 

O  0) 

a 

CU 

CO 

co 

Cfl 

0) 

cv 

J3 

c 

a> 

4> 

<U 

s 

s 

co 

V 

<r 

o 

3 

E 

S 

e 

3  O 

3  O 

<u 

g 

0} 

m  1 

U 

•H 

•H 

-rl 

n  co 

u  co 

s 

cO 

CU 

is 

cu 

4J 

U 

to 

n 

s 

Vc 

H3 

u 

M  is 

n  >> 

M 

4H 

CO 

V 

M  CU 

cu 

rH 

rH 

rH 

0)  Vi 

<u  n 

ch 

M 

> 

a)  4J 

a. 

CO 

CO 

CO 

a  ai 

a  u 

o 

<4H 

cu 

4J  CO 

a) 

cu 

■u 

> 

> 

<r 

o 

4-1  a)  i 

rH 

ptf 

pi 

pi 

rH  <D 

iH  a 

CH 

-a- 

ao 

rH 

«d  v 

09 

09 

CO 

1 

CO 

g 

rH 

g 

rH 

g 

rH 

V 

4> 

4) 

g 

rH 

rH 

g 

rH 

g 

rH 

8 

rH 

Vi 

Vi 

Vi 

1 

rH 

o 

rH 

•H 

•rl 

■H 

3 

3 

3 

•H 

•H 

o 

VI 

o 

4J 

O 

VI 

VI 

VI 

r 

VI 

o 

U 

4J 

is 

co 

a 

3 

s 

is 

CO 

is 

CO 

U 

U 

g 

o 

IS 

(0 

'O 

CO 

o 

o 

o 

•H 

■H 

•rl 

cO 

a 

4) 

•H 

•H 

•H 

C 

a 

13 

<U 

a. 

ev 

vO 

cv 

c 

a> 

H 

0) 

O 

V 

CO 

CO 

CO 

o 

a 

O 

U 

rH 

o 

a 

X) 

O 

>4 

a 

•H 

•H 

•H 

Vi 

d 

Vi 

3 

m 

c 

m 

3 

c 

Vi 

d 

rH 

c 

4J 

cu 

> 

> 

vi 

0) 

VI 

41 

LO 

o 

m 

5 

X 

o 

VI 

0) 

<U 

0) 

•H 

3 

CU 

<U 

a> 

•H 

3 

•H 

3 

l 

■H 

I 

•H 

41 

lH 

•rl 

3 

CO 

3 

>4 

cr 

rH 

rH 

H 

Vi 

cr 

(4 

cr 

SC 

VI 

S 

VI 

rH 

VI 

M 

cr 

CO 

cr 

<d 

0) 

CU 

a > 

ai 

cfl 

0) 

Cfl 

41 

ta 

O 

CQ 

o 

O 

o 

Cfl 

a> 

<0 

0) 

> 

to 

H 

H 

H 

> 

CO 

> 

co 

o 

8 

Q 

s 

09 

8 

> 

co 

X 

co 

& 

§3  3 

3 

•rl 

•HMD 

O 

rH  VI 

VI  41  -rl 

rH  «rl 

•H  3 

Cfl  VI  VI 

<0  Vi 

H9  O 

M  «  cfl 

H  « 

th  jh 

£>  X  3 

Vi  3 

CO  u 

•H  rH 

41  rH 

cfl  41 

H  *«  Cfl 

Vi  3 

4)  H3 

<0  e  > 

3  > 

P<  o 

o  «  w 

X  W 

1003 

1004 

1005 

1006 

1007 

1008 
1009 
1010* 
1011* 
1012* 
1013* 
1014* 
1015 


Table  9.  Test  Summary 
Feasibility  Checkout  Phase 


QMS  POD  MODEL 
None 


PT,psia 

3 

0 

TT,°F 


WA.deg 


Contour  1 
Contour  1 

Contour  2  -  Reclined 
Contour  2  -  Reclined 
Contour  1 
None 


*  Oil  flow  runs 


Table  9.  Concluded 
Material  Evaluation  Phase 


RUN 

PT,psia 

TT,  °F 

WA.deg 

SAMPLE 

EXPOSURE  TIME 

(approx. ) ,sec 

23 

20 

180* 

- 

2 

A  -  Baseline 

250 

24 

25 

313 

2 

A  -  Baseline 

250 

25 

20 

1440 

D 

Thermal  Calibration  Model 

250 

26 

1 

1315 

93 

27 

1215 

250 

28 

25 

1215 

y 

250 

29 

20 

1115 

B-Baseline  TC  to  100°F 

94 

30 

20 

975 

\ 

t 

F-STS-6  Blanket 

106 

*  The  total  temperature  climbed  approximately  6°F/minute  throughout 
this  run,  and  TT  =  204°F  at  the  time  of  model  retraction. 
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Sample  2.  Gardon  Gage  Data  -  Calibration  and  Material  Evaluation  Entry 
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Sample  4.  Thermocouple  and  Camera  Data  -  Thermal  Calibration 
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Sample  4.  Continued 
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Sample  A.  Continued 
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Sample  5.  Thermocouple  and  Camera  Data  -  Material  Evaluation 
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Sample  7.  Static  Pressure  Data  -  Pressure  Calibration 
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Sample  8.  Static  Pressure  Data  -Thermal  Calibration  and 
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